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ABSTRACT 
 
Numerous possibilities of biological systems to adapt to various external factors have 
motivated researchers to create new types of materials capable of adjusting to different 
environmental conditions by manipulation of structural rearrangement on the surface 
and in bulk. Such “smart” materials offer opportunities for the development of polymer 
films and coatings with adaptive surfaces. Various functional components and 
approaches were used in this work to fabricate elaborate polymer surfaces with specific 
properties, such as hydrophobicity, oleophobicity, reduced light reflection, and 
increased light transmission. The self-assembling of block copolymers or patterning of 
UV-curable materials are low-cost and effective methods for producing functional 
surfaces.  
 
In order to make polyurethane (PU) hydrophobic, it was modified with 
polydimethylsiloxane (PDMS) or fluorocarbon (PF) end groups using a 
transurethanetion reaction without applying hazardous isocyanates. Surface properties 
of copolymer films were controlled with the hydrophobic-end components which have 
a tendency to segregate on a polymer film–air surface owing to their low surface 
energies. Improved hydrophobic properties of modified PU films were achieved due to 
the spherical microstructure formation caused by the self-assembly of block copolymer 
and the strong surface segregation of PDMS or PF components upon exposed to air 
environment. 
 
UV-curable urethane acrylates consisting of siloxane or fluoro components were 
applied for the fabrication of microstructured coatings using a micropatterned mold. 
The micropillars that formed were elongated in a controlled stretching procedure. 
These micropillars were the reason for the enhanced superhydrophobicity of the 
coatings, verified by the static water contact angles (CA). The dynamic CA results with 
oleic acid clearly indicate that the chemical composition of the bulk coatings is also an 
important factor for achieving superhydrophobicity and lipophobicity, including low 
CA hysteresis.  
 
UV-curable urethane acrylates were also used to fabricate transparent nanocoatings 
that have pillar or pit features, using nanopatterned molds in a UV-molding method. 
Wettability studies with static and dynamic CAs of water and oleic acid showed that 
the hydrophobicity and oleophobicity of the coatings increased owing to the 
nanostructuring and modification with a low surface energy fluorosilane. The square 
gratings with dimensions below the wavelength of visible light provided anti-reflective 
properties on an anti-wettable surface. Both grating features of the nanocoatings had a 
low reflection over the visible spectrum, demonstrating broadband antireflection.  
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TIIVISTELMÄ 
 
Biologisten systeemien rakenne ja sopeutuminen ympäristön muutoksiin motivoivat 
tutkijoita luomaan uusia materiaaleja, jotka kykenevät mukautumaan erilaisiin 
ulkoisiin olosuhteisiin käyttämällä hyväksi rakenteen uudelleenjärjestäytymiskykyä 
pinnalla. Nämä ”äly materiaalit” tarjoavat mahdollisuuden luoda polymeerifilmejä ja 
pinnoitteita, joilla on helposti säädettävä pinta. Tässä tutkimuksessa on käytetty 
erilaisia funktionaalisia ryhmiä ja menetelmiä polymeeripintojen valmistukseen, joilla 
on haluttuja ominaisuuksia, kuten hydrofobisuus, oleofobisuus, heijastumattomuus ja 
korkea valon läpäisevyys. Itse-järjestäytyvät blokkikopolymeerit tai rakenteen 
kuviointi UV-valulla ovat edullisia ja tehokkaita keinoja funktionaalisten pintojen 
tuottamiseksi.  
 
Polyuretaanin (PU) veden hylkivyyden parantamiseksi, PU modifioitiin 
polysiloksaanilla tai hiilifluoriyhdisteellä transesteröinti-reaktion avulla ilman 
haitallisia isosyanaatteja. Kopolymeerifilmien pintaominaisuuksia pystyttiin 
kontrolloimaan funktionaalisilla hydrofobisilla pääteryhmillä, joilla on taipumus 
erottua polymeerifilmin ja ilman rajapinnalle matalan pintaenergiansa johdosta. 
Modifioitujen PU-filmien hydrofobiset ryhmät edistävät blokkikopolymeerin itse–
järjestäytymistä pallomaisiksi rakenteiksi ja pääteryhmien suuntautumista pinnalle. 
 
Siloksaani- tai hiilifluorikomponenttia sisältäviä uretaaniakryylaatti-seoksia sovellettiin 
mikrorakennepinnoitteiden valmistuksessa käyttäen mikrokuvioitua masteria UV-
valumenetelmässä. Mikropylväiden muodostumista kontrolloitiin joustavalla 
venytyskäsittelyllä. Nämä venytetyt mikropylväät johtivat korkeaan 
superhydrofobisuuteen, joka todettiin staattisella veden kontaktikulman (CA) 
mittauksella. Veden ja oleiinihapon dynaamiset CA–tulokset osoittivat, että 
bulkkikemiallinen koostumus on myös tärkeä tekijä superhydrofobisuuden ja 
oleofobisuuden saavuttamisessa matalan hystereesiarvon lisäksi. 
 
Uretaaniakrylaatteja käytettiin myös läpinäkyvien nanopinnoitteiden valmistuksessa, 
jossa nelikulmaiset nanopylväät tai nanokuopat replikoitiin mastereiden avulla. 
Staattiset ja dynaamiset kontaktikulmamittaukset osoittivat, että pinnoitteiden 
hydrofobisuus ja oleofobisuus kasvoi nanorakenteiden ja fluoroalkyylisilaanin 
käsittelyllä. Jaksollisten hilojen mitat oli valittu näkyvän valon aallonpituuden 
alapuolelta, parantaen näin hydrofobisten ja oleofobisten pintojen läpinäkyvyyttä. 
Molemmat pintarakenteet tuottavat matalan heijastuksen koko näkyvän valon alueelle, 
muodostaen näin laajan aallonpituusalueen antiheijastavan pinnan. 
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АБСТРАКТ 
 
Возможности биологических систем адаптироваться к изменениям внешней 
среды мотивировали исследователей к созданию материалов, которые способны 
приспосабливаться к различным внешним условиям посредством структурного 
преобразования на её поверхности. Такие "умные материалы» предлагают 
интересные пути для создания полимерных фильмов и покрытий с 
самоприспосабливающейся поверхностью. В этом исследовании использовались 
различные функциональные соединения и методы изготовления, чтобы получить 
поверхности полимера с требуемыми свойствами гидрофобности, олеофобности, 
и уменьшенным отражением света. 
 
Гидрофобность полиуретана (ПУ) была повышена модифицированием его с 
полисилоксаном (ПДМС) или фтор-углеродом (ФУ) через реакцию транс- 
эстерефикации без использования токсичных изоцианатов. Поверхностные 
свойства сополимерного фильма контролировались ПДМС- или ФУ- 
гидрофобными компонентами, которые имеют тенденцию выделяться на 
поверхность полимерного фильма благодаря их низкой поверхностной энергии. 
В целом, улучшенные гидрофобные свойства модифицированного ПУ-фильма 
были достигнуты из-за само-упорядочивания сополимеров в микроструктуры и 
миграции гидрофобного компонента на поверхность полимерного фильма. 
 
Смеси уретанового акрилата, содержащие силикон- или фтор-акрилат, были 
использованы для изготовления микроструктурированного покрытия 
посредством микрошаблона и УФ-отверждения. Благодаря эластичному 
компоненту, высокие микростолбики были сформированы. Эти микростолбики 
стали причиной повышенной гидрофобности покрытия. Результаты измерения  
динамических контактных углов с водой и олеиновой кислотой, подтверждают, 
что композиционный состав покрытия является важным фактором в достижении 
несмачиваемости и низкого гистерезиса контактного угла. 
 
Уретановые акрилаты также использовались в  изготовлении прозрачных нано-
покрытий со структурами столбиков или ямок. Исследования жидкостной 
смачиваемости покрытия показали, что гидрофобность и олеофобность 
повышаются вследствие наноструктурирования и обработки покрытия 
компонентом с низкой поверхностной энергией. Размерности периодической 
решетки были настроены ниже длины волны видимого света, таким образом, 
обеспечивая антиотражающие свойства на не смачивающейся поверхности по 
всему диапазону спектра видимого света.  
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1. INTRODUCTION 
 
Polymer films and coating are used to cover a substrate in order to provide a protective 
and durable finish, which has also desirable functional surface properties: non-wetting, 
self-cleaning, low friction, scratch and abrasion resistance, and desired optical 
properties.
1,2
 The creation of such “smart” polymer surfaces capable of changing their 
properties dependent upon external stimuli have been under intensive research during 
the last years. Many investigations have been devoted to the structural reorientation of 
functional polymer surfaces or the formation of specific surface morphologies that 
require a fundamental knowledge of bulk/surface properties.
3-5
 Also, numerous 
structural examples from nature have bio-inspired researchers to replicate nanometer-
sized structures on the surfaces of coatings to produce desirable functional properties 
for practical applications.
6-8
 For examples, moths’ eyes9 and lotus10 leaf have given 
inspirations to develop optically transparent non-wetting functional coatings.
11–14
   
 
Coatings that have a low wetting property are usually called hydrophobic surfaces. 
Wetting is an interfacial phenomenon that arises on the border of solid and liquid 
phases and it can be characterized by a contact angle, which depends on both 
roughness and chemical composition of the surface.
15,16
 According to the Cassie-Baxter 
model, hydrophobicity is enhanced with an increase in the surface roughness, which 
promotes air–trapping in the rough structures reducing the contact area between liquid 
and solid.
17,18
 Various approaches have been attempted in the creation of structured 
surfaces with different forms and dimensions to achieve hydrophobic property. The 
bulk and surface composition can be tailored by using dissimilar polymer chains in the 
same matrix film, thus causing a phase separation to form simultaneously ordered 
morphologies with different dimensions.
19–23
 Micro- and nanostructuring of the 
polymer coatings by replication methods, such as hot embossing, injection molding, or 
UV molding, can produce surfaces with many mechanical, hydrophobic, and optical 
functions.
24–27
 Post- modification of the surface with a low surface energy component 
is the best thermodynamically-based method to provide required properties, by 
attaching specific functional groups.
28,29
 These hydrophobic surfaces with adjusted 
structures can also have additional functions, such as optical properties.
30
 The criteria 
for low reflection and for high hydrophobicity are the same conditions: an increased 
depth of structures.
31
 All these methods require a controllable and accurately designed 
process, where the chemical composition of a surface is responsible for desired 
properties. Nowadays, most of the preparation methods of hydrophobic surfaces are 
based on the avoidance of harsh conditions that offer potential risks to health.
29
 In this 
respect, the multifunctional coatings produced with environment friendly methods as 
well as with non-volatile and inexpensive materials
32,33 
are preferable in terms of final 
applications.  
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1.1. HYDROPHILIC AND HYDROPHOBIC POLYMERS  
 
Hydrophilic polymers can easily be recognized by the adsorption of water due to the 
presence of polar functional groups (e.g. –OH, –COOR, –CO, –NH2) attached to the 
polymeric backbone. Hydrophilicity can be evaluated by water contact angle 
measurements. On hydrophilic surfaces, a water droplet that spreads on a large area 
indicates a low contact angle (< 90º). For instance, polyether polyurethane and 
polyurethane acrylate polymers act as hydrophilic
34,35
 materials. 
 
Polyurethanes (PU) are a highly important class of industrial polymers with a wide 
range of unique properties and they are used in four important forms of materials: 
coatings, foams, fibers and elastomers. Otto Bayer and co-workers, discovered 
polyurethanes and developed their industrial preparation in 1937.
36,37
 The basic 
component part of polyurethane is the urethane groups –NH–COO–. The urethane 
group is formed as a result of a reaction between di- or multi–isocyanates and polyols 
according to Scheme 1. 
 
 
                 
Scheme 1. Urethane group formation. 
 
 
PUs, as coating materials, are high–quality products owing to their specific properties, 
such as superior resistance to UV, abrasion, corrosion, and chemicals, and a high 
flexibility and adhesion to the substrates. These properties have given enhanced 
durability and toughness for PU materials that can replace metals and textiles in many 
applications.
36,37
  
 
PUs can have a very wide variety of structures, depending on the types of isocyanate 
and the type of hydroxyl-functional components (A and B) presented in the 
formulation. The reaction of polyisocyanates with hydroxyl-terminated oligomers, 
such as polyesters, polyacrylates, or polyethers can result in tailored polyurethane films 
with specific properties.
36
 An example of the formation of an acrylate end-capped 
polyurethane, as a result of a reaction between derivatives of acrylic acid and an 
isocyanate is presented in Scheme 2. 
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UV-cured acrylate-functionalized polyurethane coatings offer a wide range of desired 
properties (excellent physical properties, weatherability, and appearance) and they can 
be used in demanding applications, such as automotive, metal, wood furniture, aplastic 
parts.
38–40 
 
 
 
Scheme 2. Urethane acrylate formation. 
 
 
Polymers with hydrophobic properties provide non-wettable surfaces with a water 
contact angle > 90º. For instance, polydimethylsiloxane (PDMS) and fluorocarbon 
polymer are well-known as highly hydrophobic polymers.
34,35
 The general structures of 
a polysiloxane and fluorocarbon polymer are presented in Figure 1. PDMS with the 
simple repeating unit –(CH3)2SiO– is a commonly used polymer, due to its high 
flexibility, excellent biocompatibility, chemical inertness, thermal stability, low glass 
transition temperature (Tg , –123 °C), and also optical transparency properties. The 
properties of PDMS result from the strong (Si-O: 107 kcal/mol) and flexible siloxane 
backbone. PDMS is non-polar owing to the methyl groups, which form a highly 
hydrophobic cover at the polymer–air interface with a low surface energy of 16-21 
dyne/cm.
41–43
 Incorporation of polysiloxane into different polymer backbones produces 
12 
 
many desired changes in the bulk and surface properties, thus providing materials with 
a broad service temperature and good hydrophobic properties.
44,45 
 
 
 
 
Figure 1. Structures of siloxane and fluorocarbon chains. 
 
 
Fluorocarbon chains that have strong C–F bonds in constitutional repeating units 
possess many valuable properties, such as chemical inertness, thermal stability, low 
friction, high hydrophobicity and oleophobicity.
46–48
 The backbone of a linear 
fluoropolymer is formed from both strong C–C bonds (607 kJ/mole) and C–F bonds 
(552 kJ/mole). The size of the fluorine atom allows the formation of a uniform and 
continuous layer around the C–C chains, hence imparting chemical resistance and 
stability for the molecule. Such a structure is also responsible for the low surface 
energy (18 dyne/cm) of fluorocarbon.
49
 The ability of hydrophobic polymers to migrate 
toward the polymer–air interface leading to a significant decrease in the surface energy 
has been widely exploited in a variety of surface applications: biomaterials, optics, 
medical devices and others.
2,34,50,51
    
 
 
1.2. FUNCTIONALIZATION OF POLYURETHANES 
 
The functionalization of polymeric materials has been of great interest during the last 
two decades. This material research aims at developing new “smart” polymers with 
required functions, which can be readily used in specific applications. Surfaces with 
adaptive/responsive functions are capable of responding to an external stimulus by 
changing their structural functional properties to reduce the interfacial energies 
between the polymer and the environment.
2,52–54
 In recent years, researchers have paid 
much attention to the tailoring of bulk and surface properties of polyurethane for 
making advanced materials for numerous applications, such as electronic, sensors, and 
display, as well as for biological and medical devices.
34,44,55–57
  
 
Various methods have been utilized in order to modify polyurethane using 
hydrophobic functional groups as pendant groups,
58–61
 end-capping components,
34,62–64
 
or in blends.
65–67
For instance, Ge et al.
58,59
 investigated the synthesis of fluorinated 
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polyurethanes (FPU) with fluorinated pendant groups and indicated that these FPUs 
had an outstanding thermal property, a strain-hardening property, and chemical 
resistance. Fluorine- and silicone-containing side groups were incorporated in urethane 
by Kim et al.
61
 to study the surface properties of modified PU because polyurethane is 
widely used in agricultural films. 
 
Zhang et al.
34
 showed in a study of PU with grafted PDMS end-groups that surface 
properties under various environments undergo significant structural reorientation in 
order to reduce the interfacial free energies. Kannan et al.
62
 synthesized 
fluoropolyurethane hybrids containing a fluorinated silsesquioxane end-capping agent 
to obtain film with a ultrahydrophobic property and a low contact angle hysteresis, as 
well as solvent resistance, which are preferable for protective film applications.  
Modification of PU with surface-modifying end-groups without changing the polymer 
bulk properties has been studied by White et al.
63 
Increased water contact angles 
relative to the pure PU owing to the migration of low energy end-groups to the 
polymer–air interface were demonstrated. Wouters et al.64 prepared fluorinated PU 
coatings, where bulk and surface properties were tuned by the choice of ingredients 
resulting in the reversibly adaptive coatings when exposed to water or air.  
 
Fluorinated urethane oligomers (SMA) have been synthesized and blended with a PU 
base to provide improved hydrophobic surface properties. An increased surface 
roughness of the cast film was observed, due to the addition of a high amount of SMA. 
These prepared films also possessed improved oil resistance and a low friction 
coefficient.
67
  
 
 
1.3. SELF–ASSEMBLED BLOCK COPOLYMERS 
 
Phase-separated structures of block copolymers have been widely studied as materials 
for responsive surfaces with incorporated chemical functional groups.
2–3 
The 
chemically bonding of dissimilar polymers into block structure leads to the segregation 
and the self-assembling of these blocks into well-ordered structures. These block 
copolymers offer much more distinct property advantages in comparison to their 
corresponding blend. In a blend, such segments, because of thermodynamic 
incompatibility, lead into highly separated domains, which can result in poor bulk 
properties. The segregation processes of block copolymers consisting of hydrophobic 
and hydrophilic polymers have been studied due to the large difference in their surface 
energies.
2,3,19,34
 This segregation property of the copolymers allows surface structuring 
by microphase separation. In addition, by tuning processing parameters and using 
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appropriated solvents, one can form the films with desired morphologies.
2,3,20
 Such 
structured surfaces are able to rearrange and have different surface behavior 
(hydrophobic or hydrophilic), depending on the environments under which they are 
used.
2,3,34,64
 
 
In recent years, different self-assemblies of block copolymers in solution, in melt, and 
in thin-film have been reviewed.
3,4
 For example, the synthetic poly(phenylquinoline)-
block-polystyrene (PPQ-b-PS) self-assembles from solution in diverse micrometer-
scale aggregate morphologies, including spherical, cylindrical, and lamellar due to rod- 
and coil-type (hard and flexible) block chains. The selective solvent for the PPQ block 
promotes the self-assembly of PPQ-b-PS into micelle-like aggregate morphologies, 
which depend on the ratio of block lengths, the rate of solvent evaporation, and the 
temperature.
68,69
 Schematic information of a self-assembly from the solution of a block 
copolymer into micelle-like structures is presented in Figure 2.    
 
 
 
 
Figure 2. A copolymer consisting of hard and flexible (rod–coil) blocks in solution capable of 
creating different morphologies, depending on the selectivity of the solvent used.
3  
 
 
Researchers have demonstrated that the less soluble blocks form the inner core of 
micelles and the more soluble segments form an outer shell.
3,68–71 
 The behavior in coil-
selective solvents is roughly opposite to that in rod-selective solvents.
3
 The phase 
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segregation proceeds because of a tendency to achieve a thermodynamic balance in a 
system of chemically bonded dissimilar polymers through the minimization of 
interfacial energies between their phases.
2–4
  
 
 
1.4. PHOTOPOLYMERIZED COATINGS 
 
The photopolymerization process or UV-curing is a synthesis method, where liquid-
like monomer mixtures are converted into a solid polymer under UV-light. The 
solidification process begins with the absorption of  UV-light by a photoinitiator (PI) 
and the formation of reactive free radicals, which break double bonds of acrylates, 
causing monomer (M) and oligomer (O) chains to react.
72
 Scheme 3 presents a 
simplified photopolymerization process via a radical reaction mechanism. 
 
Films and coatings on various substrates (polymer, wood, and metal) are usually based 
on photopolymers, which create excellent protection.
35,38
 Photopolymerization provides 
a number of economic advantages, such as low energy consumption, solvent-free, a 
fast solidification process, and simple preparation at room temperature.
38,73–77
  
 
 
Scheme 3. Photopolymerization process. 
 
 
Replication by UV-molding is a highly promising method for the creation of high 
aspect ratio micro- and nanostructures with high accuracy and with small feature size, 
using a patterned master (SiO2 template, aluminium- or nickel-mold).
24–26 
These UV-
replicated coatings provide an innovative functionalized surface for optical (solar cell), 
medical (biosensors), and electronic (micro electro mechanical systems) micro- and 
nanodevices.
78–81 
The optical, hydrophobical, electrical, magnetic properties are 
improved when the size of the features are within the micro- and nanometer scales. The 
process is based on the replication of structures from a patterned mold into a UV-
curable polymer by the subsequent pressing of the substrate (e.g. PMMA) and UV-
curing, according to the procedure presented in Figure 3. 
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Figure 3. UV-curable acrylate structured coating fabrication process. 
 
 
The UV-molding process offers a possibility to use a large variety of mixtures, 
including various functional components, to create high-quality coatings. Recently,  
UV-molding replication process to fabricate micro-optical structures by a heat or a 
solvent–heat assisted procedure has been reported.25 These approaches allow to use of 
a high-viscosity pre-polymer in patterned surfaces with high aspect ratios.
25
 More 
recently, microstructures with undercuts have been successfully produced by an UV-
molding process with the addition of a highly elastic component to the acrylate 
formulation.
82
 The disadvantage of the UV- method is polymerization shrinkage, which 
can be reduced by using monomers with a high molecular volume and multifunctional 
groups
73
 or using highly flexible acrylates.
74
 In urethane acrylate research,
74
 in order to 
reduce shrinkage upon curing, a photopolymer containing two components was used 
for microrelief replication. As a result, a difunctional urethane acrylate oligomer, 
possessing higher deformation and mechanical properties, provided coatings with 
increased flexibility.  
  
 
1.5. ANALYSIS OF POLYMER BULK, SURFACE AND OPTICAL 
PROPERTIES 
 
Along with structural characterization methods, such as elemental analysis, gel 
permeation chromatography (GPC), differential scanning calorimetry (DSC), and 
nuclear magnetic resonance (NMR) spectroscopy, there are also diverse methods for 
the analysis of surface and optical properties. With the attenuated total reflection 
(ATR-FTIR) method, the presence of functional groups on the surface of copolymer 
film can be determined on the basis of the absorption intensities of chemical bonds.
83–86 
Moreover, ATR results support other methods of surface analysis, for example contact 
angle (CA) measurements.
 
 
 
The contact angle provides information about the wettability properties of the surface 
(Figure 4). A water droplet with a small CA indicates a hydrophilic surface with a 
good wetting, high surface free energy, and good adhesiveness, while, a droplet with 
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CA (Θ) over 90⁰ indicates a hydrophobic surface with a low wetting, low surface free 
energy, and low adhesiveness. A water droplet with CA (Θ) over 150⁰ indicates a 
superhydrophobic nature of the surface, that is, this surface has micro- or 
nanoroughness, which creates a small solid-water contact area, anti-wettable property, 
very low surface energy of solid, and very low adhesiveness, due to the fact it contains 
a large fraction of trapped air. Other wettability parameters such as advancing CA and 
receding CA values of the micro- or nanocoatings can be measured by the addition and 
removal of liquid from a liquid droplet. The difference between the advancing and 
receding contact angles is the contact angle hysteresis. This parameter provides 
important information concerning surface roughness, chemical heterogeneity and 
possible reorientation of polar groups at the solid/liquid interface.
87,88
 
 
 
   
 
Figure 4. Water droplets on hydrophilic, hydrophobic, and superhydrophobic surfaces. 
 
 
Optical techniques measure the interaction of light with a material. For determination 
of optical reflection and transmission of a film or coating, a variable angle 
spectroscopic ellipsometry (VASE) and UV-Vis spectrometry can be used.
89,90 
The 
VASE performs measurements as a function of wavelength and angle incidence. The 
visible transmission property indicates the amount of visible light transmitted through a 
substrate at a wavelength range from 380 to 780 nm and can be measured with UV-Vis 
spectrometry.  
 
 
 
 
 
 
 
 
 
Θ Θ Θ 
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Figure 5. Surface topographies with different values of reflections (0.2%, 2%, and 4%).
85
 
 
 
Reflection can be decreased and transmission can be increased by applying an anti-
reflective coating. For homogeneous anti-reflective coating, the reflected light from the 
air–film interface and film–substrate interface must interfere destructively to transmit 
light through substrate.
90
According to Figure 5, the structure with a deep profile 
reduces the surface reflection when the lateral dimensions are small enough. To 
achieve the anti-reflective condition for a coating, the structural dimensions below the 
wavelength of visible light and a filling factor (width of the feature divided by the 
period) ~ ½ are required.
91 
 
 
1.6. AIMS OF THIS STUDY 
 
This research focuses on the design and fabrication of new functionalized polyurethane 
based materials with desired surface properties. These hydrophobic, oleophobic, and 
optical properties will be achieved through polymer functionalization and patterning 
methods.  
 
To improve the hydrophobicity of commercial polyurethane (PU), a novel 
transurethanetion approach will be applied in a reaction between PU and polysiloxane 
or fluorocarbon, both of which possess a low surface energy. These functional 
components chemically bonded to PU are capable of segregating on a polymer–air 
interface, forming a hydrophobic surface. In order to provide self-assembled structure 
formation, a PU-selective solvent (DMF) will be used to create conditions for 
microphase separation in modified polyurethane during film preparation.  
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To attain hydrophobic properties on polyurethane acrylate UV-coatings, the surfaces 
will be patterned with an aluminium-mold (Al-mold) containing micro-depressions. 
The preparation of microcoatings will be done in a controlled manner, using flexible 
urethane acrylate, in order to enhance the fraction of air between replicated 
micropillars. To obtain polyurethane acrylate coatings, which are simultaneously anti-
reflective, hydrophobic, and oleophobic, nickel-molds (Ni-mold) containing pillar-like 
or pit-like nanofeatures will be applied. A solvent-free UV-curing method will used in 
the nanostructuring of acrylate coatings to provide an easy and effective method. 
 
 
2. EXPERIMENTAL 
 
2.1. MATERIALS 
 
Hydrophobic polyurethane-based materials were synthesized from an aromatic 
polyether-polyurethane (PU) and a hydrophobic component, such as 
polydimethylsiloxanes (PDMS1000 or PDMS5000) or fluorocarbon (FC332). 
 
For fabrication coatings possessing hydrophobic, oleophobic, and optical properties, 
polyurethane acrylate mixtures containing small amounts of siloxane or fluoro 
acrylates were prepared. 
 
 
2.1.1. MATERIALS FOR POLYMER SYNTHESIS AND FILM 
PREPARATION 
 
According to a comprehensive 
1
H and 
13
C NMR study, the commercial PU used in 
transurethanetion reactions consisted of alternating units of polytetrahydrofuran and 
4,4-methylenediphenyl diisocyanate (MDI). The PDMSs (study I) with different molar 
masses (MW 1000 and MW 5000) and FC332 (study II) with MW 332.09 were used as 
a hydrophobic component having hydroxyl-end groups. Dibutyltin dilaurate (DBTDL) 
was used as a catalyst (0.3 wt.% by weight of polymers). Transurethanetions were 
carried-out in a solvent, such as N,N-dimethylformamide (DMF) or N,N-
dimethylacetamide (DMAc), or in a mixture of DMAc / Tetrahydrofuran (THF). For 
preparation of films, the modified polyurethanes were dissolved in DMF. 
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2.1.2. MATERIALS FOR POLYMER COATING REPLICATION 
 
UV-curable polyurethane, silicone, and fluoro acrylates were used to fabricate coatings 
containing micro- or nanostructures (studies III and IV). Description of the acrylates 
used is presented in Table 1. Ebecryl 4830 and Ebecryl 8405 urethane acrylates were 
chosen for their non-yellowing, good flexibility, and low shrinkage, which were 
expected to impart elasticity to the coating. Siloxane–based (Ebecryl 350) or fluoro–
based (Ebecryl 381) acrylates were added to enhance flexibility and the anti-wettable 
properties of the coating. The reactive trimethylolpropane triacrylate (TMPTA) acted 
as a reactive diluent. The two radical photoinitiators such as 1-hydroxy-cyclohexyl-
phenyl-ketone (Irgacure 184) and 2-hydroxy-2-methyl-1-phenyl-propan-1-one 
(Darocur 1173) were used in the photopolymerization of the acrylate monomers.  
 
 
Table 1. Description of the acrylates. 
 
Acrylates 
 
Properties  Viscosity  
(mPa) 
Density 
(g/cm
3
) 
Functio-
nality* 
Tg 
(ºC) 
Ebecryl 8301          
aliphatic urethane  
high reactivity 150-550 (65ºC) 1.16 6 63 
Ebecryl 4830 
aliphatic urethane 
imparts flexibility 
and toughness 
2500-4500(60ºC) 1.12 2 42 
Ebecryl 8405 
aliphatic urethane 
enhances flexibility 
and hardness 
4500 (60 ºC) 1.13 4 30 
Ebecryl 350 
silicone diacrylate 
improves substrate 
wetting and slip 
200-500 (25ºC) 1.05 2 - 
Ebecryl 381   
fluoro triacrylate 
provides excellent 
substrate wetting 
330-525 (25ºC) 1.10 3 - 
TMPTA reactive diluent 100 1.06 3 62 
* Number of CH=CH2 groups in the monomer / oligomer. 
 
 
2.2. TRANSURETHANETION REACTIONS 
 
The transurethanetion reaction of polyurethane includes the dissociation of weak bonds 
in urethane linkages at elevated temperature and the reaction of regenerated isocyanate 
groups with hydroxyl-terminated components to produce new ester–urethane groups. 
The proposed mechanism of the transurethanetion reaction of PU with hydroxyl-
terminated PDMS or FC332 is presented in Scheme 4.  
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Scheme 4. Reaction of PU with a hydroxyl–end component (PDMS or fluorocarbon). 
 
 
 
All reagents were weighed inside a glove box and the sealed flasks were transferred to 
fumehood. Firstly, the polyurethane and hydrophobic component were dissolved 
separately in corresponding solvents and stirred in a nitrogen atmosphere. After a 
catalyst was added and stirred for 30 min, a certain amount of hydrophobic component 
in solution was slowly added. The transurethanetion reactions were carried-out 
according to the planned reaction temperatures and times in order to obtain modified 
polyurethanes with different contents of the hydrophobic component.  
 
 
2.2.1. REACTION OF POLYURETHANE WITH POLYSILOXANESI 
 
The full reaction data for the PDMS–PU samples are given in Table 2. Samples of the 
polydimethylsiloxane-containing polyurethane copolymers were prepared in a DMF or 
DMAc/THF solution in the presence or absence of the DBTDL catalyst (0.3 wt.% by 
weight of polymers). In the case of sample 1a, the reaction mixture was slowly heated 
to 100 ºC within 2.5 h, where every stage involves a specifically maintained 
temperature for a certain time. Modified polyurethanes 2b–4b and 5c*–8c were 
prepared at 65ºC with different PDMS to PU ratios. Exceptionally, sample 5c* was 
prepared in the absence of a catalyst and 7c** in a smaller amount of solvent mixture.   
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Table 2. Reaction data of the polyurethane modifications. 
 
Sample PU/PDMS/solvent, 
(g) 
PDMS Reaction 
temperature 
(ºC) 
Reaction 
time (h) 
Yield of the 
reaction before / 
after Soxhlet (%) 
1a 
2b 
3b 
4b 
4.0 / 10 / 110 
2.0 / 1.5 / 35 
2.0 / 4.0 / 40 
2.0 / 8.3 / 50 
1000 
1000 
1000 
1000 
80; 90; 100 
65 
65 
65 
2.0; 1.3; 1.5 
4.0 
4.0 
4.0 
67 / 45 
74 / 58 
44 / 35 
28 / 20 
5c* 
6c 
7c** 
8c 
2.0 / 1.2 / 40 
2.0 / 1.2 / 40 
2.0 / 2.1 / 30 
2.0 / 2.1 / 40 
5000 
5000 
5000 
5000 
65 
65 
65 
65 
4.0 
4.0 
4.0 
4.0 
83 / 73 
85 / 72 
65 / 56 
66 / 57 
a DMF was used as a solvent in the copolymer reaction; 
b DMAc/THF (1:3) and c DMAc/THF (1:1) were used as solvent mixtures in the reaction; 
* Reaction without DBTDL;  
** Reaction in a smaller amount of DMAc/THF (1:1) solvent mixture;  
 
 
2.2.2. REACTION OF POLYURETHANE WITH FLUOROCARBONSII 
 
The fluorinated polyurethanes F1a* (yield 1.4 g), F2a (yield 4.4 g), F3b (yield 5.2 g), 
and F4b (yield 3.9 g) were prepared at different temperatures and with different 
fluorocarbon to PU mass ratios. The amounts of reagents and the reaction temperatures 
for the transurethanetions are given in Table 7, along with the reaction yields. Sample 
F1a* was prepared in the absence of the catalyst at 80ºC with a reaction time of 4 h. 
Transurethanetion reactions of FPUs were carried-out in a DMAc or DMF solvent. 
After the transurethanetions, all modified PUs were extracted with the Soxhlet method 
in order to remove unreacted hydrophobic components. 
 
 
2.2.3. FILM PREPARATION 
 
The films of the modified polyurethanes were cast on cleaned glass-plates using 
solutions of the polymers with concentrations of 30 wt.% in a DMF solvent. The solvent 
was slowly evaporated in fumehood and samples were further dried in an oven at 50 ºC 
for three days. ATR-FTIR, contact angle and SEM analyses were performed on the 
prepared films about one week after preparation. 
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2.3. UV-MOLDING OF MICRO- AND NANOSTRUCTURES 
 
Polyurethane acrylate microcoatings and nanocoatings were prepared on PMMA 
substrates by using an Al-micromold and Ni-nanomolds. Microstructured coatings 
were characterized without an additional silanization procedure, in comparison to the 
nanocoatings, which were also modified with fluoroalkylsilane (tridecafluoro- 1,1,2,2- 
tetrahydro-octyl trichlorosilane). 
 
For the micro-patterning, a micromold (M-mold, Figure 6) was prepared by structuring 
aluminum foil with a microrobot technique.
92
 The structured area of the M-mold with 
periodic microdepressions was 2.5x2.5 cm. The bottom of the depressions is 20 µm in 
diameter, the period is 41 µm, and the depth is 35 µm.  
 
 
 
 
Figure 6. SEM images of (a) tilt and (b) profile views of the Al-micromold. 
 
 
For the nanofabrication, two Ni-molds (Figure 7) having of square pillars or pits for a 
period of 270 nm were electroformed from a nanostructured quartz master, which was 
fabricated by electron-beam lithography and reactive ion etching.
25
 The area of the 
nanostructured surfaces (with pillars or pits) on the Ni-molds were 1x1 cm. 
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Figure 7.  SEM images of the top views of Ni-molds consisting of square structures of (a) 
nanopits and (b) nanopillars with a 270 nm period. 
 
 
2.3.1. MICROSTRUCTURING OF URETHANE ACRYLATE 
COATINGSIII 
 
UV-curable liquid mixtures with different concentrations of the urethane acrylates and 
siloxane (ESmicro) or fluoro (EFmicro) acrylate components were prepared (Table 3) for 
the fabrication of smooth and microstructured coatings on PMMA substrates by UV-
molding.  
 
 
Table 3. Components and compositions of UV-curable mixtures for coatings. 
 
Components Compositions (wt.%)  
 for microreplications         for nanoreplications 
ESmicro EFmicro
 
ES5 E6 EF7 
Oligomers Ebecryl 8301 50 45 32.1 32.1 32.1 
 Ebecryl 4830 5 5 – – – 
 Ebecryl 8405 25 30 32.1 32.1 32.1 
 
Ebecryl 350 1.5 – 0.7 – – 
 
Ebecryl 381 – 1.5 – – 0.7 
Monomer TMPTA 14.5 14.5 32.1 32.1 32.1 
Photoinitiators Irgacure 184 2 2 1.5 1.5 1.5 
 Darocur 1173 2 2 1.5 1.5 1.5 
ES mixtures containing a silicone acrylate;  
EF mixtures containing a fluoro acrylate. 
 
 
Two procedures were used to improve the filling of deep M-mold features: a heat or a 
solventheat assisted process. The heat-assisted process involved the heat treatment 
25 
 
(100 ºC) of a liquid urethane acrylate mixture placed on the mold; the PMMA substrate 
was then pressed onto the mixture, and the mixture was cured by UV light (λ = 365 
nm) for 5 min, followed by subsequent separation of the micro-patterned precured 
coating from the mold. In the other procedure, the solvent (acetone) and the acrylate 
mixture on the M-mold were heated (80 ºC) until the solvent evaporated; the substrate 
was then pressed on top, and the liquid acrylate mixture was UV-precured for 5 min. 
During detachment of the M-mold from the precured microcoating, a slight stretching 
of the structures was applied, providing elongated microstructures with an increased air 
fraction between pillars.  
 
 
2.3.2. NANOSTRUCTURING OF URETHANE ACRYLATE 
COATINGSIV 
 
Transparent nanocoatings were prepared by using two nanometer scale Ni-molds 
containing pillars or pits with the following steps: by dispensing an UV-curable 
urethane acrylate mixture on the surface of a nanosized Ni-mold; by pressing the 
PMMA substrate onto the urethane acrylate mixture, exposing it to UV light for three 
minutes and finally detaching the replicated and cured coating from the nanomold. 
Compositions of prepared solvent-free UV-curable mixtures (ES5, E6, and EF7) for 
nanocoatings are presented in Table 3. For comparison, smooth coatings were also 
prepared for each of the acrylate mixtures by the above-mentioned procedure using a 
quartz plate instead a Ni-nanomold. Additional UV-curing for 15 min. was applied to 
all demolded coatings. Both smooth and nanocoated polyurethane acrylate samples 
were modified with fluoroalkylsilane (tridecafluoro-1,1,2,2-tetrahydro-octyl-
trichlorosilane) to compare their properties with the corresponding unmodified 
samples. 
 
 
3. RESULTS AND DISCUSSION 
 
To create polyurethane films with improved hydrophobic properties, a commercial PU 
was modified with hydroxyl-terminated PDMS (MW 1000 and 5000) or FC332 (MW 
332) by direct transurethanetion reactions. These syntheses allow the preparation of 
functionalized polyurethane films without the use of isocyanates. Polyurethane acrylate 
coatings with micro- and nanostructures were fabricated by UV-molding process as a 
low cost and rapid method. 
 
26 
 
3.1. SYNTHESIS OF POLYSILOXANE CONTAINING 
POLYURETHANE COPOLYMERSI 
 
The yield results of the PU-PDMS copolymers (Table 2) indicate that the mass ratio of 
reagents, reaction temperature and time are important in the transurethanetion between 
PU and PDMS. Increasing the amount of polysiloxane in the reaction with PU led to a 
decrease in the reaction yield at a mild reaction temperature (65 ºC). It is well known 
that the miscibility of dissimilar polymers PU and PDMS is poor and can cause strong 
phase separation, especially when the mass ratio of polysiloxane to PU increases. For 
sample 1a it was clearly seen that a higher reaction temperature (100 ºC) can improve 
the miscibility of the reagents and as a consequence the yield of 1a was increased. 
According to several investigations,
93,94
 the solvent and catalyst are other important 
factors for modification of PU by transurethanetion reaction. In our study, the amount 
of solvent (7c** vs. 8c) and presence catalyst (5c* vs. 6c) do not seem to play a 
significant role in the yield of the copolymers.  
 
 
3.1.1. STRUCTURAL CHARACTERIZATION OF COPOLYMERS 
 
Elemental analysis (Table 4) of the siloxane modified PU showed lower nitrogen 
contents in all copolymers in comparison to the starting PU. Depending on the chain 
length of siloxane and the mass ratios of PDMS to PU in the reaction, the calculated 
PDMS content in the copolymers varied from 3–16 wt.% and increased with an 
increase in the PDMS to PU mass ratio. Also, the presence of a catalyst and a high 
solvent amount slightly enhanced siloxane content in the copolymers. A similar 
observation of a solvent volume effect in modified PU synthesis has been reported by 
Tang et al.
65
 
 
Table 4. Elemental composition (wt.%) of the starting PU and copolymers. 
 
  Sample C 
 
N 
 
H 
 
Calcd 
values O 
Calcd 
values Si 
PDMS 
 
PU 66.7 3.87 8.67 20.8 - - 
1a 
2b 
3b 
4b 
64.6 
65.6 
65.7 
64.8 
3.62 
3.76 
3.76 
3.65 
8.65 
8.65 
8.67 
8.64 
24.1 
21.9 
22.9 
22.0 
2.3 
0.9 
1.2 
1.6 
7.2 
2.7 
3.2 
4.8 
5c* 
6c 
7c** 
8c 
61.0 
61.6 
63.0 
62.3 
3.21 
3.31 
3.48 
3.37 
8.60 
8.70 
8.62 
8.62 
27.2 
26.4 
24.9 
25.7 
5.5 
4.7 
3.3 
4.2 
14.9 
15.7 
11.7 
14.3 
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The molar mass values (Mw) of the copolymers were lower relative to the starting PU, 
except for 5c* (Table 5), indicating extensive bond breaking in the PU chain during 
reaction. It was also observed that the use of a high temperature (100 ºC) in reaction 
leads to a lower molar mass of the modified PU, for example in sample 1a. The 
influence of a catalyst on Mw can be considered with copolymers 6c vs. 5c*, which was 
prepared without the catalyst. The molar mass of 5c* may have increased due to side-
reactions, which can take place in uncatalyzed reaction conditions.
36
 These results 
indicate that the control of temperature as well as the formation of a ternary complex 
between the reagents and DBTDL are needed in PU transuretanetion with PDMS.
95,96
 
 
The thermal properties of the starting PU, PDMS, and the copolymers were studied by 
DSC and are presented in Table 5. The glass transitions (Tg) of the pure PDMSs ranged 
between -124 and -126 ºC. It was found that the incorporation of PDMS to PU 
completely changed the thermal properties of the copolymers, indicating the formation 
of new modified PU with its own lower values of Tg and Tm. All copolymers showed a 
single Tg, verifying that there is no free PDMS chains present. 
 
 
Table 5. GPC and DSC values of PU and copolymers with different PDMS contents. 
 
Sample PDMS 
(wt.%) 
Mw 
(kg/mol) 
Mw/Mn Intrinsic 
viscosity 
Tg 
 (ºC) 
Tm 
 (ºC) 
PU - 198.0 3.7 1.59 -34.9 162.8 
1a 
2b 
3b 
4b 
7.2 
2.7 
3.2 
4.8 
51.5 
117.0 
156.7 
173.5 
2.4 
2.8 
3.2 
3.2 
0.69 
1.34 
1.25 
1.30 
- 44.1 
- 43.4 
- 42.2 
- 43.0 
158.1 
156.8 
155.7 
156.2 
5c* 
6c 
7c** 
8c 
14.9 
15.7 
11.7 
14.3 
249.3 
184.0 
184.6 
172.4 
3.4 
3.0 
3.1 
3.0 
1.33 
1.14 
1.25 
1.15 
- 45.4 
- 46.8 
- 51.1 
- 51.3 
152.5 
156.0 
153.9 
151.2 
 
 
Structures of the copolymers were determined by 
1
H NMR, proton-decoupled 
13
C 
NMR, and 
29
Si NMR spectra analysis. Figure 8 presents a comparison of 
1
H NMR 
spectra of the starting PU, pure PDMS, and the copolymer 1a. The spectrum of the 
copolymer shows the new signals in the chemical shift range from 0.1 to 1.5 ppm 
corresponding to the CH3, CH2, and Si-(CH3)2 protons of the bonded PDMS. The 
presence of these signals and shifting of the characteristic proton at 3.61 ppm
97,98
  
(signal m), in the spectrum of pure PDMS to 4.2–4.4 ppm (signal k), confirm that the 
transurethanetion of PU with PDMS has taken place.  
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PU and PDMS compositions of the copolymers were determined from 
1
H NMR spectra 
using two approaches:  
 
– the first approach was based on measuring the integrated signal area of Si(CH3)2 
protons (signal g) and the integrated total signal area of all the protons
.99 
 
– the second approach was based on calculating the integrated signal areas of the (-Ph-
CH2-Ph-) protons (signal v) of the MDI unit of PU and those of the Si(CH3)2 protons 
(signal g) of PDMS. 
 
The composition results have been gathered in Table 6. These two approaches towards 
the composition calculations provide good agreement with each other.   
 
 
Table 6. Compositions of the copolymers calculated from proton spectra. 
 
Sample Integrated value of 
1
H 
NMR data  
Mole fraction  
of PDMS in copolymer 
MDI /PDMS 
ratio in copolymer 
ISi(CH3)2 Itotal mPDMS 
1a 
2b 
3b 
4b 
3.07 
1.18 
1.65 
1.76 
66.86 
71.95 
67.47 
69.00 
0.0420 
0.0149 
0.0223 
0.0232 
21.5 
55.9 
40.0 
37.4 
5c* 
6c 
7c** 
8c 
6.83 
10.08 
7.36 
9.63 
75.35 
78.22 
80.28 
79.79 
0.0146 
0.0215 
0.0148 
0.0200 
59.2 
40.1 
54.9 
42.0 
 
 
The proton-decoupled 
13
C NMR spectra of the copolymer 1a are shown in Figure 9, 
where incorporation of PDMS to PU resulted in new signals at 62.1 (k) and 74.6 (e) 
ppm, which correspond to the carbon of the –OCH2– groups in the new formed 
urethane groups of the copolymer. The methyl group carbons of the Si-CH3 groups of 
the incorporated PDMS appear at 1.8 ppm (g). 
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Figure 8. 
1
H NMR spectra of the starting PU, pure PDMS1000, and copolymer 1a. In 
the proton spectrum of the copolymer the MDI (methylenediphenyl diisocyanate) unit 
of polyurethane is rounded by a blue ring and the PDMS unit is rounded by a red ring. 
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Figure 9. 100 MHz 
13
C NMR (d7-DMF) spectra of the copolymer 1a.   
 
 
 
The proton decoupled 
29
Si NMR spectrum of the copolymer 1a (Figure 10) shows two 
resonances at 7.96 and 7.64 ppm, which correspond to the silicon attached to three 
carbons in the PDMS chain in the copolymer. In addition, the resonance at -21.96 ppm 
corresponds to the siloxane groups –O–Si(CH3)2–O– of the incorporated PDMS.
83
 These 
spectral analyses of the copolymers verify the formation of the PU-PDMS copolymer.  
 
 
 
 
Figure 10. 
29
Si NMR spectra (d8-THF) of copolymers 1a.  
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3.1.1. SURFACE PROPERTIES OF COPOLYMER FILMS 
 
The infrared transmission versus ATR spectra of the starting PU and copolymers 1a, 
and 7c are compared in Figure 11. It was found that the intensities of the functional 
siloxane groups at 1259 cm
-1
, 1020–1098 cm-1, and 800 cm-1 of PDMS83 had increased 
in the ATR spectrum of the copolymers. These results indicate that the low surface 
energy of the polysiloxane
100
 chain segregated from the bulk composition to the 
copolymer film–air interface upon exposure to air. 
 
 
 
Figure 11. Infrared transmission and ATR spectra of the starting PU and copolymers. 
 
 
Moreover, the water contact angle (CA) measurements confirm a structural difference 
in the surface layer of the copolymer films with respect to the starting PU. All 
modified polyurethanes exhibited hydrophobic properties, with CAs ranging between 
99 and 109º, indicating that the polysiloxane hydrophobic end-groups, with their low 
surface energy, are enriched on the surface of the copolymer film.
34,44
 The highest CAs 
were observed for the copolymers with short incorporated PDMS chains, owing to 
their higher freedom and mobility comparison to the long PDMS chain.  
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Overall, the SEM studies showed that the prepared copolymer films were covered with 
spherical microstructures with different diameters (Figure 12). These micelle-like 
aggregates are probably due to the chemical bonding of thermodynamically 
incompatible polymers, which self-assemble into a stable morphological state, thus 
achieving a thermodynamic equilibrium in the copolymer matrix.  
 
 
 
Figure 12. SEM images of microstructures on the copolymer films at different magnification 
for sample 7c**. 
 
 
Dissimilar chains of polytetrahydrofuran (PTHF) and methylenediphenyl diisocyanate 
(MDI) can give rise to rod–coil-like units, where the MDI units are rigid rod-like 
blocks, while PTHF and PDMS chains act as flexible coil blocks. Use of the PU-
selective solvent (DMF) can assist self-assembling of bonded polysiloxane and 
polyurethane units in spherical micelles during the film preparation.
3,68
 It is supposed 
that these micelles consist of a core of insoluble blocks of PDMS and a shell of 
solvated blocks of PU (Figure 13) under DMF-solvent conditions.
70,71
 However, as 
soon as the solvent evaporates from the copolymer film there is a structural 
reorientation  of the chain components due to the changed external environment, which 
causes the migration of the polysiloxane end-groups to the copolymer film–air 
interface.
34,44,101
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Figure 13. Proposed schematic model for the self-assembly of rod–coil PU-PDMS copolymers 
into spherical aggregates in a PU-selective solvent and at the film–air interface. 
 
 
On the basis of the comprehensive studies of incorporation of PDMS to PU via the 
transurethanetion reaction, we can conclude that new PU-PDMS copolymers had 
totally different structural, thermal, and film surface properties, which can be governed 
by external conditions in a controlled manner. 
 
 
3.2. SYNTHESIS OF FLUORINATED POLYURETHANESIII 
 
The commercial aromatic polyurethane was modified with a low molar mass 
fluorocarbon containing hydrophobic end-groups (FC332) by the transurethanetion 
method (Table 7), to obtain fluorinated polyurethane (FPU) with functionalized 
hydrophobic properties.  
 
 
3.2.1. STRUCTURAL CHARACTERIZATION OF FPUs 
 
The studies of transurethanetion of PU with fluorocarbon revealed that the temperature, 
catalyst, and concentration of the reagents affect the properties of prepared FPUs. 
According to the elemental analysis, the fluorinated polyurethanes, which were 
prepared with a high FC332 concentration and at high reaction temperature, had higher 
contents of fluorocarbon. This fact can indicate that the temperature improves a 
miscibility of PU and fluorocarbon in the reaction mixture, resulting in the 
transurethanetion of PU despite their dissimilar property behavior (hydrophobic vs. 
hydrophilic).  
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Table 7. Elemental composition of the starting PU and FPUs with the reaction data. 
 
Sample PU/FC  
(g/g) 
T** 
(ºC) 
Yield of 
FPU (g) 
C 
(wt.%) 
N 
(wt.%) 
H 
(wt.%) 
F 
(wt.%) 
FC332 
 (wt.%) 
PU 
F1a* 
F2a 
F3b 
F4b 
– 
1.5 : 1.5 
4.0 : 16.9 
4.0 : 16.9 
4.0 : 8.5 
– 
80 
115 
90 
110 
– 
1.4 
4.4 
5.2 
3.9 
66.56 
66.65 
66.09 
66.26 
65.90 
3.86 
3.82 
3.82 
3.84 
3.80 
8.58 
8.57 
8.50 
8.54 
8.49 
- 
0.01 
0.62 
0.17 
0.55 
- 
0.02 
0.90  
0.25 
0.80  
a
  DMAc was used as a solvent in the reaction; 
b
  DMF was used as a solvent in the reaction; 
* Reaction without catalyst; ** Reaction temperature. 
 
 
The characterization of the molar mass showed that the high reaction temperature (115 
ºC) significantly lowered the molar mass of the obtained products (Table 8) relative to 
the molar mass of the starting PU. Similar results were obtained in the reaction of PU 
with siloxanes. It was also observed that the presence of a catalyst in the reaction 
promotes transurethanetion of PU and FC332 and the absence of a catalyst decreases 
fluorocarbon content. 
 
According to Table 8, the thermal properties of the modified PU vary after 
incorporation of FC332. The results showed that modified PU possessed lower Tg 
values and lower Tm endoterms compared to the starting PU, implying that 
incorporated fluorocarbons contribute to the enhanced flexibility and crystallization of 
the hard urethane segments.  
 
 
Table 8. GPC, DSC, and average water CA results for PU, FC332, and FPUs. 
 
Sample Mn 
 (kg/mol) 
Mw 
 (kg/mol) 
Mw/Mn Intrinsic 
viscosity 
Tg (ºC) Tm (ºC) average 
CA (º)  
PU 
FC332 
F1a* 
F2a 
F3b 
F4b 
53.1 
– 
37.9 
7.92 
35.3 
18.5 
193.0 
– 
125.6 
 15.9 
 96.8 
39.9 
3.6 
– 
3.3 
2.0 
2.7 
2.2 
1.58 
– 
1.30 
0.35 
1.08 
0.73 
    – 35 
– 62 
– 36 
– 50 
– 48 
– 47 
163 
– 20/– 14 
143 
152 
156 
155 
79 ± 1 
– 
95 ± 3 
115 ± 7 
98 ± 5 
110 ± 9 
 
 
 
The structures of the prepared FPUs were confirmed by 
13
C and 
19
F NMR analyses. 
Figure 14 presents the quantitative proton-decoupled 
13
C NMR spectrum of the sample 
F4b.  After the transurethanetion reaction, the carbon signal (c) at 60.46 ppm of the –
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CF2CH2– group in pure FC332 shifted to 62.10 ppm downfield due to the formed new 
ester–urethane –CF2CH2OCONH–group. In addition, it was also observed shifted 
resonances around 120–110 ppm, which correspond to the carbon of the –CF2CF2–
groups in the fluorocarbon of the fluorinated PU. 
 
Analyses of the proton decoupled
 19
F NMR spectra analysis of pure FC332 in 
comparison to the FPU samples are shown in Figure 15.  The spectra of the FPUs 
showed a new signal (g) at –118.68 ppm, which was shifted from –120.90 ppm of the 
pure FC332, due to a new formed ester–urethane (–CF2CH2–OCO–NH–) group. These 
NMR analyses prove that the fluorocarbon chains are chemically bonded to PU. 
 
 
 
 
Figure 14. 400 MHz 
13
C NMR (where * denotes d7-DMF) spectra of the starting PU, FC332, 
and FPU 4b.  
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Figure 15. 500 MHz 
19
F NMR (d7-DMF) spectra of pure FC332 and FPU samples 2a, 3b, and 
4b. 
 
 
3.2.2. SURFACE PROPERTIES OF FPU FILMS 
 
The SEM images of the top view of the starting PU and prepared FPU films with their 
corresponding water drop images are presented in Figure 16. The SEM observations 
showed that an FPU surface is different from that of the starting PU, which has a 
smooth surface. The FPU films have a microscopic roughness with spherical micelle-
like aggregates with different sizes in diameters. As in the case of the PUPDMS 
copolymer films, which consisted of similar spherical morphologies, this rough 
morphology could probably be due to the thermodynamically incompatible 
hydrophobic end-groups chemically bonded to PU leading to the formation of self-
37 
 
assembled structures.
19,20
 The selectivity and evaporation rate of the solvent, as well as 
the polymer composition determine the shape of surface structures.
3,5,69  
 
 
 
Figuire 16. SEM images of the starting PU film with a flat surface and FPU film with spherical 
microstructures and their corresponding water drop images. 
 
 
The measured water contact angles (CA) indicated that the prepared FPU films were 
hydrophobic without additional modification (Table 8). From the results we can 
suggest that two contributions – the micrometer-scale spherical aggregates and surface 
segregation of the fluorocarbon chains – can have an impact on the achieved 
hydrophobicity. The driving force for formation of these self-assembled structures is 
the tendency of the dissimilar segments of the polymer system to strive for a 
thermodynamic equilibrium.
2,3,19,20
 
 
Summarizing these studies, the modification of PU with a small amount of 
fluorocarbon, as low as 1 wt.%, is sufficient to achieve functionalized polymer surfaces 
owing to the migration of a low surface energy fluorocarbon to the surface layer.  
 
 
 3.3. MICROSTRUCTURED POLYURETHANE ACRYLATE 
COATINGSIII 
 
The replication of a micron-sized pattern in the UV-curing of urethane acrylate 
mixtures containing siloxane (ES) or fluoro (EF) species was done on PMMA 
substrates. The surface properties of the coatings were studied with water and oleic 
acid contact angle measurements.  
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3.3.1. CONTROLLED MICROSTRUCTURE REPLICATION  
 
Elongated microstructures of PU acrylate coatings were obtained by detaching the 
mold from the partially cured acrylate film containing the flexible components. The 
SEM characterizations presented in Figure 17 showed the formation of the elongated 
micropillars with heights of pillars ranging from 35 to 47 µm. In addition, both heat 
and solvent–heat replication pretreatments improved the filling of the depressions of 
the M-mold with urethane arylate mixtures. The stretching of the micropillars was 
controlled by carefully detaching the precured coating from the mold. The heights of 
the final micropillars on the coating were more than 1.3 times higher in comparison to 
the depth of the micromold depressions. These elongated micropillars have a 
significant influence on the hydrophobicity of the prepared coatings.  Figure 18 shows 
the water droplets on the top surface of the microstructured UV-cured PU acrylate. 
 
 
 
Figure 17. Microstructured UV-cured acrylate surfaces prepared by the heat-assisted procedure 
of (a) ES coating and (b) EF coating.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18. Microstructured polyurethane acrylate coatings with water droplets on top. 
(a) (b) 
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3.3.2. WETTABILITY OF MICROSTRUCTURED COATINGS 
 
The measured (Table 10) static contact angles (CA) of water on microstructured UV 
polyurethane acrylate coatings were significantly higher (>153º) than those on the 
smooth surfaces (< 86º). Despite the hydrophilic nature of the PU acrylate coating, the 
replicated micropillars increased the water CA to even 156 º. These CA results clearly 
show that the surface patterning provides superhydrophobicity, indicating a composite 
interface which consists of fractions of the trapped air and solid surface. According to 
the Cassie-Baxter theory,
102,103 
on the wetting of a rough surface, the equilibrium 
contact angle for a composite surface of solid and air can be expressed as                  
cos c = f1 cos  – f2. Where c is the contact angle on a rough surface,  is the contact 
angle on the corresponding smooth surface,  f1 is the surface fraction of a liquid in 
contact with the structures, and f2 is the surface fraction of the liquid in contact with air 
(i.e. f1 + f2 = 1). The calculated high f2 values (0.90-0.92) for microstructured surfaces 
confirm that there was a large fraction of air trapped between the micropillars and the 
water droplet.  
 
 
Table 10. Average dimensions for pillar height (h) of the ES and EF coatings, average 
water (static) and oleic acid (static and dynamic with hysteresis factors) CAs () on 
coatings, and the surface fractions of water (f1) in contact with the ES and EF pillars. 
 
Surfaces h 
PILLAR  
(µm) 
Static  (º) Dynamic oleic ac.  (º)   f1 
water oleic 
acid 
Adv Rec Hys 
ES smooth – 86  1 41  3 38  3 29  3 9  5 – 
ESmicro by heat 47 156  1 68  5 56  8 44  7 12  6 0.08  0.01 
ESmicro by s/h
1
 44 154  2 65  4 50  12 32  6 17  8 0.10  0.02 
EF smooth – 75   2 25  2 23  2 17  1 6  1 – 
EFmicro by heat 39 153  1 41  2 49  10 34  5 15  8 0.08  0.01 
EFmicro by s/h
2
  35 153  3 30  7 38  13 26  14 13  5 0.09  0.02 
Adv – advancing CAs; Rec – receding CAs; Hys – CA hysteresis. 
1
 ESmicro by solventheat; 
2
 EFmicro by solventheat; 
 
 
For the CA measurements with oleic acid increases were also observed from 41º to 
about 68º for ES coatings and from 25º to 41º for EF coatings. The CA hysteresis was 
calculated from dynamic oleic acid contact angles data, as the difference between the 
measured advancing and receding CAs. It was found that the microstructured coatings 
had high CA hysteresis, indicating that polyurethane acrylate microcoatings are 
relatively highly wetted surfaces. In this case, it is possible to assume that the oleic 
acid droplet is in a Wenzel state, having a large contact area with the polymer due to 
40 
 
the presence of the polar groups in urethane acrylate coatings causing interaction
104–106 
with oleic acid molecules. From these dynamic CA results, we can conclude that the 
chemical composition of bulk coatings is also an important factor in the creation of 
surfaces with superhydrophobic and lipophobic properties, including low CA 
hysteresis.  
 
 
3.4. NANOSTRUCTURED POLYURETHANE ACRYLATE COATINGSII 
 
In order to produce simultaneously anti-reflective (AR) and anti-wettable properties, 
two types of structures, nanopillars and nanopits, were replicated in a UV-molding on 
polyurethane acrylate coatings. Using a periodic structure with dimensions below the 
wavelength of visible light, an undesired scattering can be avoided and optical 
transmission increased.
31,91,107
  
 
 
3.4.1. WETTABILITY OF NANOSTRUCTURED COATINGS 
 
Figure 19 presents the SEM images of prepared AR coatings consisting of square 
pillars (19a) with a height of about 90 nm and square pits (19c) with a sidewall width 
of about 50 nm. The wetting properties of prepared transparent coatings were studied 
with static and dynamic CA measurements. The smooth surface of the PU acrylate 
coating had slightly hydrophilic (CA~80º) and highly oleophilic (CA~30º) properties.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19. SEM images of the nanostructure on the PMMA substrates coated with: (a) the ES5-
coating containing nanopillars and (c) the EF7-coating containing nanopits. 
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At the same time, the static water CAs of all the nanostructured ES5-, E6-, and EF7-
coatings were notably hydrophobic due to the nanostructures. The water CAs of the 
pillar-covered coating increased to 103–106º, comparing with the CAs of 77–83º for 
the smooth coatings. The nanopits-covered coatings showed CAs as high as 121º 
making the coating to be more hydrophobic than with the nanopillar structures. The 
wettability of the nanostructured coatings was also evaluated with oleic acid. There 
was only a slight influence from the nanostructures on the oleic acid CAs. The static 
CAs on the nanopillar-covered coating decreased to 16º–28º, while on the nanopit-
covered nanocoatings they slightly increased to 38º–64º compared with the 
corresponding smooth coatings, which were 31–38º. 
 
The hydrophobicity and oleophobicity of the nanocoatings were effectively improved 
by a chemical modification (Table 11 and 12), using a fluoroalkylsilane (tridecafluoro- 
1,1,2,2- tetrahydro-octyl trichlorosilane). For the pit-covered nanocoatings, the static 
water CA increased to 146º relative to chemically modified smooth surface (107º) and 
the oleic acid CA increased to 106º from 73º. These results indicate that the 
nanocoatings possess both high hydrophobicity and oleophobicity, due to two 
important factors: nanostructuring and chemical modification with a low surface 
energy compound. In the case of nanopit-covered coatings, the values of the 
hydrophobic and oleophobic properties were higher than those of the pillar-covered 
coatings, suggesting a larger fraction of air pockets between the nanopits and the 
liquid. Figure 20 shows the water (a) and oleic acid (b) droplets on the top surface of 
the nanopit-covered polyurethane acrylate coatings. 
 
 
 
 
Figure 20. Water (a) and oleic acid (b) droplets on nanopit-covered polyurethane acrylate 
coatings. 
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Table 11. The static and dynamic average water CAs on the fluoroalkylsilane modified 
coatings. 
    
Surfaces Static water 
CA (º) 
Dynamic water CA (º) 
Adv Rec Hys 
ES5 smooth 113  3 111  2 73  1 38  2 
ES5 nanopillar 138  1 126  2 86  2 41  3 
ES5 nanopit 144  2 145  1 110  3 35  4 
E6 smooth 107  1 117  1 83  4 35  4 
E6 nanopillar 145  5 144  3 108  5 36  5 
E6 nanopit 146  1 150  2 119  2 31  1 
EF7 smooth 107  1 120  1 84  6 36  5 
EF7 nanopillar 140  7 135  1 93  4 42  3 
EF7 nanopit 143  7 144  1 116  4 29  3 
 
 
The dynamic CA results also showed that nanostructuring and modification by 
fluoroalkylsilane
108
 lower the surface energy of the coatings, simultaneously enhancing 
the advancing CAs with both water and oleic acid. However, all coatings had high CA 
hysteresis, indicating that the polar nature of polyurethane acrylate composition affects 
the wettability properties of the coatings by structural rearrangement upon exposure to 
liquids. Such rearrangement is caused by a thermodynamical driving force to reduce 
the interfacial energies.
104,105 
 Thus, it can be concluded that adjustment of both bulk 
and surface properties is needed for fabrication coatings with improved 
hydrophobicity, oleophobicity, and low CA hysteresis.   
 
 
Table 12. The static and dynamic average oleic acid CAs on the fluoroalkylsilane 
modified coatings.  
Surfaces Static oleic acid 
CA (º) 
Dynamic oleic acid CA (º) 
Adv Rec Hys 
ES5 smooth 78  4 83  2 62  3 21  3 
ES5 nanopillar 96  2 84  3 49  2 35  2 
ES5 nanopit 100  1 91  2 63  8 28  8 
E6 smooth 73  4 78  3 64  5 14  5 
E6 nanopillar 87  1 93  9 61  13 32  12 
E6 nanopit 106  3 110  1 78  3 32  2 
EF7 smooth 78  3 81  1 67  5 14  5 
EF7 nanopillar 80  1 85  9 53  11 32  12 
EF7 nanopit 105  3 98  5 63  4 35  2 
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3.4.2. OPTICAL PROPERTIES OF NANOSTRUCTURED COATINGS 
 
The transparent nanostructured polyurethane acrylate coatings were also studied in 
terms of their antireflective and transmission properties. Figure 21 presents the optical 
reflection spectra of the nanostructured coatings at four angles of incidence measured 
with the variable angle spectroscopic ellipsometry (VASE). The spectral reflection 
results clearly show that the ES5- and EF7-coatings consisting of nanostructures 
decreased the optical reflection from 4.5% to 2.5% over the whole visible region, 
indicating broadband antireflection. These results were observed for all four measured 
angles of incidence. In particular, for pillars covered coatings, a reflection below 2% in 
the visible light range was achieved. These AR coatings also have increased light 
transmission.  
 
 
 
Figure 21.  Measured reflection spectra of the modified coatings ES5 and EF7 on the PMMA 
substrates coated with nanostructures consisting of square pits or pillars. The incident angle of 
light for reflectance measurements is 20º, 25º, 30º, and 35º. The reflectance spectra of their 
corresponding smooth coatings are also presented.  
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The measurements of optical transmittance performed with UV-VIS spectrometry are 
shown in Figure 22. The optical transmission of all the nanocoating is higher than that 
of the smooth coatings due to nanometer scale structures. The light transmission for 
both the pillar- and pit-covered nanocoatings was around 94%, while for the smooth 
coatings it was below 91%. This low-cost and solvent-free UV-nanoreplication process 
can be a suitable method for the functionalization of nanocoatings with improved anti-
wetting and anti-reflection properties.   
 
 
 
 
Figure 22. Measured transmission spectra versus wavelength characteristics of the modified 
smooth, nanopillar-covered, and nanopit-covered coatings on the PMMA substrates.  
 
 
4. CONCLUSIONS 
 
The basic function of polymer films and coatings is to provide protection against the 
environment and to maintain a desired work performance for the protected surface in 
different applications. Many studies have been directed towards producing polymer 
surfaces possessing required functional properties which can adapt to specific 
interactions between the coating and environment. The aim of this dissertation research 
was to find new approaches to tailor polymer surfaces with low cost and effective 
methods in order to produce polymer films and coatings with different functional 
properties, such as hydrophobic, oleophobic, and antireflective.  
 
Hydrophobic copolymer films with self-assembled morphology were prepared by 
casting polyurethane containing hydrophobic end-group from a PU-selective solvent. 
These modified polyurethanes were synthesized through novel transurethanetion 
reaction without the use of isocyanates. The new modified PUs possessed improved 
surface properties. According to the measured water CA, the prepared films had 
notable hydrophobicity due to the segregation of a low surface energy component. This 
strong segregation of the low surface energy component of the copolymer on a film–air 
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interface was confirmed by ATR and contact angle characterizations. Based on the 
obtained results, we suggest that two contributions can have an impact on the enhanced 
hydrophobicity, namely the formed micrometer-scale spherical aggregates and the 
migration of the low surface energy component to the surface layer.  
 
Highly non-wetting properties were achieved for hydrophilic polyurethane acrylate 
coatings by microstructuring. In addition, the flexibility of PU acrylate coatings allows 
one to apply the controlled elongation approach during the detachment of the mold to 
obtain micropillars with an even 47 µm height. On the basis of contact angle results, 
these elongated micropillars have a significant influence upon the hydrophobicity of 
the prepared coatings. Despite the hydrophilicity of the polyurethane acrylate material, 
these micropillars increased static water CA to 156 ºC due to an air pocket formation 
between the pillars that resulted in superhydrophobicity. Dynamic contact angle 
measurements indicate that the composition of the microstructured coating containing 
polar groups probably influence the wettability properties with oleic acid through 
structural reorientation of polar groups to the coating–air interface when exposed to an 
oleic acid environment.  
 
Simultaneously, anti-reflective (AR) and anti-wetting properties were achieved for 
polyurethane acrylate coatings by replicating pillars- or pits-shaped nanofeatures in the 
solvent-free UV-molding process. Both water and oleic acid CAs are significantly 
increased as a result of nanostructuring and low surface energy modification with 
fluorosilane. On pit-covered nanocoatings, the static water CA is 146º and the oleic 
acid CA 106º. While, for the same coating, the advancing water CA is 150º and the 
advancing oleic acid CA 110º. These CA results prove that the nanostructured coatings 
possess both high hydrophobic and oleophobic properties, due to the formation of high 
fraction of air pockets between nanopits and liquids. Moreover, the subwavelength 
grating of the nanocoatings decreased the optical reflection from 4.5% to 2.5% over the 
whole visible region, indicating a broadband anti-reflection. These AR coatings also 
have more than a 3% higher light transmission over the whole visible region. 
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